A method of obtaining approximate redshifts and spectral types of galaxies using a photometric system of six broad-bandpass filters is developed. The technique utilizes a smallest maximum difference approach rather than a least-squares approach, and does not consider a galaxy's apparent magnitude in the determination of its redshift. In an evalution of its accuracy using two distinct galaxy samples, the photometric redshifts are found to have a root mean square deviation of ±0.05 from spectroscopically determined redshifts. Possible systematic errors of the method are investigated, including the effects of post-starburst ("E+A") galaxies and attempts to measure redshifts with incomplete color information. Applications of the technique are discussed.
Introduction
The traditional method of obtaining redshifts through spectroscopy, though accurate, is by far the most time-consuming task in any observational study of faint extragalactic objects. This is especially true for galaxies, most of which do not have spectral features so dominant as to lend themselves to quick, unambiguous redshift measurements. The need to obtain large numbers of redshifts for large samples of galaxies, however, has never been greater. Many have therefore attempted to design and refine methods to obtain accurate redshifts of galaxies with very low spectral resolution (see, e.g., Koo 1985; Loh & Spillar 1986; Connolly et al. 1995; Sawicki, Lin & Yee 1997; Brunner et al. 1997 ).
We present here a photometric redshift technique we have developed, using template galaxy spectral energy distributions (SEDs) and a system of six optical and near-infrared broad-band The SEDs are presented in Figure 2 . We will be using the term "galaxy spectral type" often in this paper; this simply means we are referring to galaxies with the same SEDs, and hence the same implied star formation rates, as those of the representative galaxies mentioned above.
We computed the colors of our template galaxies by first placing them onto a standard photometric system, to derive colors that could be used to test data on that system. Thus, we used the spectrophotometry of Hamuy et al. (1994) , who have produced SEDs of a number of Southern Hemisphere standard stars across the UBVRI wavelength range. We convolved the SEDs of 14 of these stars with our filter and CCD response functions, to produce an "instrumental flux" through each filter, I f :
where T f (λ) is the transmission of filter f , D(λ) is the quantum efficiency of the CCD, and F (λ) is the flux of the star. In other words, we were measuring a net flux from each star as if it had been observed through a telescope with a flat wavelength throughput of unity, with the exception of the filter and detector, and with no atmospheric extinction.
For the UBVR filters, we then used the photometric calibration of those stars by Landolt (1992) to run the PHOTCAL package in IRAF. Using this procedure, we obtained the photometric zero points and color terms with which we could transform any data simulated by our models onto the same standard UBVR system as HOGPW. The I75 and I86 filters are calibrated onto an absolute scale by HOGPW using the standard star Wolf 1346. To determine the transformation coefficients for these two filters, we processed the SED of Wolf 1346 through our procedure, and compared the instrumental flux with the absolute calibrated magnitudes defined in HOGPW to obtain the zero points. (Color terms were not used in the calibration of the I75 and I86 filters.)
The final derived parameters of the transformation from an "instrumental" magnitude to the HOGPW UBVRI75I86 photometric system, calibrated onto an absolute scale with Wolf 1346, is as follows:
The formal errors for the transformation, as computed by PHOTCAL, are less than ±0.006 in magnitude and ±0.013 in the color term for each individual bandpass. Each model magnitude thus has an error of at most a few percent. The same is true for any color we choose to compute from these magnitudes.
The expected observed colors as the galaxies increase with redshift from z=0 to 1.0, in steps of ∆z=0.025, were produced by applying K-corrections to the rest frame colors. The corrections were computed with direct numerical integration in the standard way:
We present our computed model galaxy colors for the five galaxy spectral types in Tables 1-5. To check our models, we compared them with the galaxy color indices from the large photometric surveys of Poulain & Nieto (1994) , Buta & Williams (1995), and de Jong (1995) . The template colors agree very well with median and mean color indices for the corresponding Hubble types, with at most ±0.05 magnitude variations.
The Photometric Redshift Method
The photometric redshift method should, in principle, output both a redshift and a galaxy spectral type for each set of input from a galaxy. As demonstrated by Koo (1985) , Connolly et al. (1995) and others, a combination of sufficient wavelength coverage (i.e. near-UV to near-IR) and data from at least four filters, such as U/B J /R F /I N , is sufficient to obtain redshifts with roughly z ± 0.05 accuracy. Thus the filter set we use here, which contains six filters and roughly the same wavelength coverage, is theoretically more than sufficient for the task of finding photometric redshifts. Additionally, the division of the Johnson I-band into two narrower bandpasses (I75 and I86) gives us additional leverage at higher redshifts, as prominent spectral features (especially the 4000Å break) are redshifted into that wavelength range.
As a first step, we need to know how well the various types of galaxies are separated in our multi-dimensional color space. In other words, how unique are the UBVRI75I86 colors of a galaxy with a given redshift and spectral type? A straightforward analysis shows that, in the (U-B)/(B-V)/(V-R)/(R-I75)/(I75-I86) color space, every galaxy redshift-spectral type pair on the previously stated binning interval is separated from every other such pair by at least 0.1 magnitude in at least one color; and the distinctions across broader wavelength ranges (e.g. B-R or R-I86) are even more pronounced.
The separation of SEDs in the multicolor space is most easily illustrated by tracing where the redshift-spectral type pairs lie on color-color diagrams. Figure 3 shows two color-color cuts in the multicolor space of the filter system, and the locations of the galaxy redshift-spectral type loci on them. These tracks can be thought of as color tracks for non-evolving galaxies as a function of redshift. In the (U-B)/(B-R) plane, galaxies with redshifts z ≤0.7 are well separated. Similarly, in the (B-V)/(R-I86) plane, galaxies with z ≥0.4 are well separated. A representative shift in the colors that would be created by extinction is shown with a reddening vector for E(B-V)=0.1. These diagrams are also useful because they show the situations where the photometric redshift method is most and least effective. Early-type (E/S0 and Sab) galaxies are very easily separated from the other types, and move significantly in color space as a function of redshift; clearly, these galaxies are the ones most easily identified with this technique -a well-known fact that has been used by many authors (e.g. Im et al. 1996) . Higher-redshift blue galaxies (especially irregulars), on the other hand, are somewhat problematic; increases in redshift around 0.4 ∼ < z ∼ <0.6, and near z =1, only slightly change the observed colors of these galaxy types. They are still unlikely to be confused with different galaxy spectral types; the intrinsic errors of their redshift determinations, however, will be larger. Some scatter can also come from variations in emission-line strength, particularly the Hα+ N[II] complex for starburst galaxies; but the overall effect is unlikely to be more than 0.05-0.1 magnitude in any given color, which is less than the difference seen between almost all of the different redshift-type pairs on our grid of models.
Comparison with Spectroscopy
The acid test of photometric redshifts is to compare them with spectroscopic redshifts. We used two distinct samples of galaxies, obtained independently and in different ways, and examined how well the photometric measurements match the spectroscopy separately and as a whole. This was done to see if our system yields the same results with different datasets obtained with this filter set, which is what we expect.
Cluster Galaxy Data
UBVRI75I86 photometry were obtained for four rich clusters of galaxies: Abell 963 (z =0.20), CL1358+6245 (z =0.32), CL3C295 (z =0.46), and CL1601+4253 (z =0.54). These clusters have numerous spectroscopic redshift measurements of cluster members of all spectral types, as well as some foreground and background galaxies (cf. Lavery & Henry 1988; Fabricant, McClintock & Bautz 1991; Dressler & Gunn 1992) , and a large range of redshifts, making them very desirable for testing the photometric redshift technique.
CCD imaging observations were made with the Steward Observatory 2.3-m telescope on Kitt Peak. The central 2 ′ × 3 ′ of each cluster were imaged in UBV with a thinned, blue-sensitive 800×1200 CCD, and the central 5 ′ × 5 ′ were observed in RI75I86 with a 2048×2048 CCD. Landolt (1992) broad-band standards and Massey et al. (1988) spectrophotometric standards were observed in every bandpass across all the airmass ranges observed for each night, and Wolf 1346 was always observed in RI75I86 to calibrate the nonstandard I-filters. The data were reduced and calibrated in the usual manner with IRAF; aperture photometry was then measured for the objects in those fields with published redshifts using APPHOT. We obtained photometry with 0.1 magnitude error or better in all six passbands for 42 of these galaxies.
Field Galaxy Data
Spectroscopic redshifts were also obtained for a number of galaxies in the HOGPW survey. 38 galaxies were measured using the Kitt Peak 4-meter telescope, in parallel with observations of quasar candidates in the survey fields (Hall et al. 1996b ). We refer the reader to that work for the details of data acquisition and reduction. In summary, a number of observational setups were used: a single longslit, multislits, and the HYDRA multifiber positioner and bench spectrograph. 23 additional spectra were obtained with the Blue Channel Spectrograph on the Multiple Mirror Telescope. Again, the usual procedures in IRAF were used for data reduction and extraction of spectra. Redshifts were obtained by inspection of well known emission and absorption features (such as the Balmer lines, [OII]λ3727Å, [OIII]λλ4959,5007Å, and the 4000Å break) or by cross-correlation using the XCOR task in IRAF. All 61 galaxies have UBVRI75I86 photometry, which are calibrated with the procedures and parameters described in HOGPW.
Photometric Redshifts
Identifying the photometric redshift and spectral type of any given galaxy involves finding its best matching redshift-type template. Clearly, the simplest definition of a match is that the template SED matches the data more closely than any other template. This is rarely a trivial criterion to meet, however, since every real galaxy is at least slightly different from any template galaxy. In each color, there is a difference between a template SED's color and the observed color.
One straightforward scheme to determine the closest match between an observed galaxy and a template would be some kind of least-squares method -comparing the observed flux in each waveband with the flux predicted by a template. We tested several variations of this method, but it proved not to be optimal for the purposes of our study. One reason is that we want to identify the redshift and spectral type of a galaxy without any knowledge of its apparent magnitude. Thus we must use the comparison of galaxy colors, rather than passband fluxes. Also, our tests showed that a least-squares technique can estimate the redshift of a galaxy reliably, but too often misclassifies its spectral type.
A more successful approach, which we ultimately adopted, was to look for matches by seeking the smallest maximum difference between the observed and template colors. (Such a method might loosely be compared with a least-squares method the way a Kolmogorov-Smirnov test might compare with a χ 2 -test, when measuring the quality of a model fitted to data.) This kind of strategy yielded the best results in predicting both the redshift and spectral type of a galaxy, independent of its apparent magnitude. Examination of the color distributions of the model SEDs, combined with empirical tests of choosing matches using various procedures, led us to the following algorithm for selecting matches most accurately:
The most likely match is the comparison that yields the minimum largest ∆ i−j . The value of such a maximum for an accurately matched redshift-type pair is typically ∆ i−j max ∼0.1 to 0.2 magnitude.
<ii> If ∆ i−j max is large (i.e. >0.2) for all possible matches, the comparisons that yield the minimum second − largest ∆ i−j are also reviewed. This step takes into account the possibility that photometry for that galaxy may have been anomalously affected in one filter, perhaps by an emission line or other spectral feature. Comparisons which yield very large values of ∆ i−j max (>0.5), however, are not considered possible matches.
<iii> If two or more matches have similar ∆ i−j max, the best match is usually the one where the sum of ∆ i−j 's is closest to zero. Matches with similar ∆ i−j characteristics are almost always of the same galaxy spectral type, with slightly different redshifts; in cases where it appears Σ ∆ i−j would be closest to zero in an interpolation between two adjacent redshift steps, the midpoint between those two steps is designated the most likely redshift.
<iv> Finally, if two matches meet the above criteria with the same accuracy, the one most closely matching in (U-B) or (I75-I86), for objects with likely redshift less than or greater than 0.5 respectively, is designated the more likely match. This condition is based on the fact that the separations in F λ of galaxy SEDs are widest in the UV and far-red wavelengths (see Figure 1) .
Discussion
A computer program called "GetZ" was written which automates the above analysis. The colors of the 103 sample galaxies were then run through the program. We present in Figure 4 a direct comparison of z p , the photometrically determined redshifts output by "GetZ," with the spectroscopically measured redshifts z s . The diagonal line is not a fit to the data, but the locus of exactly perfect correspondence (i.e. z s = z p ). The dispersion measure z p − z s for the entire sample is plotted in histogram form in Figure 5 .
The rms deviation of all the galaxies in the sample, σ z , is 0.053. 87% of the galaxies have |z p − z s | < 0.1. As Figure 5 shows, the distribution of z p − z s is essentially symmetric about z p − z s = 0; in fact, Σ(z p − z s ) = 0.002, and the error distribution is consistent with a Gaussian distribution. These results are consistent with the accuracy we expected, and with those in the literature.
The Effects of "E+A" Galaxies
The cluster galaxy subsample had a slightly higher σ z than the HOGPW subsample (0.060 vs. 0.046). Statistically, the lower accuracy of the cluster sample is barely significant, but it is instructive to examine the cause of this slight discrepancy.
The cluster samples were all taken near the centers of rich clusters of galaxies which exhibit the so-called Butcher-Oemler effect (Butcher & Oemler 1978) . Not surprisingly, a number of post-starburst, or "E+A" galaxies (Dressler & Gunn 1983; Couch & Sharples 1987; Liu & Green 1996) , were observed in the CCD image fields which we used to obtain photometry of the sample galaxies. E+A galaxies have a spectrum characterized by strong Balmer absorption, weak or no line emission, and the earmarks of an old stellar population. Their spectral energy distributions are thus a hybrid, typically with colors bluer than ellipticals but redder than late-type spirals. A priori, then, it seems plausible that E+A galaxies could systematically confuse the redshift-spectral type comparison scheme, since their colors are neither truly spiral nor truly elliptical.
To test this hypothesis, we have selected the E+A galaxies in the cluster sample -those objected which were designated "a" or "A" by Dressler & Gunn (1992) , or "E+A" by Fabricant et al. (1991) -and plotted their z p − z s distributions separately (with shaded bars) on Figure 5 . The E+A's are clearly less accurately identified than the other galaxy types. σ z for the E+A's is 0.097 for 13 objects; and it is half that value (0.047 for 29 objects) for the rest of the cluster sample if the E+A's are excluded. Figure 5 shows also that the z p 's which are the worst underestimates of the true redshifts (i.e. the four objects where z p − z s < −0.12) are all E+A galaxies. Although about half (6/13) of the E+A's were successfully measured to within 0.05 of their spectroscopic redshifts, our results demonstrate that E+A galaxies can increase the uncertainty of photometric redshift measurements and cause systematic underestimates of z p .
Can this problem be overcome by simply creating one or more templates of E+A galaxies and adding them to the photometric redshift algorithm? Unfortunately, this is not a solution. As shown by Liu & Green (1996) , E+A galaxies are a rather heterogeneous population which cannot be characterized by one or even a few templates. Their SEDs vary widely depending on the strength of the decaying starburst, and on the underlying old stellar population. Furthermore, no UV spectrophotometry of E+A galaxies exist in the literature; E+A templates can therefore be produced only by stellar population models, which we have explicitly avoided in this work. Since E+A galaxies appear to be rare in the field, however (Zabludoff et al. 1996) , the random error contributed by E+A's is likely to be negligible in field galaxy studies with photometric redshifts.
Identifications With Incomplete Data
In any galaxy survey where a photometric redshift scheme such as ours is likely to be applied, some portion of the galaxies will have incomplete color information, such as a non-detection in one or more filters. This is especially likely for faint early-type galaxies; as Table 1 shows, if an unevolved elliptical is detected in R at a given apparent magnitude, the survey data must extend at least two magnitudes fainter in U to be detected if the galaxy is at z=0, and four magnitudes if it is at z=0.4. It is important to know if redshift identifications are still accurate or possible with missing information, particularly U-band.
We can get some idea of what results to expect with color-color diagrams. From Figure 1 , it is clear that lack of U-band data does not significantly affect the separation of high-redshift galaxies from each other; the problem with losing blue and UV data lies in confusing low-redshift, redder galaxies from higher-redshift bluer galaxies. If we exclude U-band data and use all the photometry from B redward (see Figure 6 ), the colors of E/S0 and Sab galaxies from 0 ∼ <z ∼ <0.25 are essentially degenerate with those of Sbc galaxies from 0.1 ∼ <z ∼ <0.4 and Scd galaxies from 0.2 ∼ <z ∼ <0.6. If both U and B data are missing, the risk of low-redshift confusion is even greater.
Empirical tests confirm the problems with measuring photometric redshifts which are suggested by the color-color plots in Figure 6 . The BVRI75I86 colors for the sample galaxies were input into the "GetZ" program, and z p was determined for each object as before. This time, σ z = 0.101, double the value of σ z computed with U-band data. Furthermore, galaxies which were identified as spiral or irregular with z<0.4 had σ z = 0.160; the scatter is much larger, and there is a systematic tendency to misidentify Scd and Irr galaxies near z∼0.3 as Sbc galaxies near z∼0.05.
On the other hand, σ z for all galaxies with z>0.4 and for early-type galaxies with z>0.25 were 0.053 and 0.057 respectively. Apparently there is little reduction in the typical accuracies of z p for those subsamples despite the lack of U-band data; this is also predicted by the color-color plots, and is the fortuitous result of the 4000Å break being redshifted into the V and R bands, away from the U-band. If it were possible, then, to select galaxies which are definitely early-type or at high redshift, our photometric method can still be effective for determining redshifts, even without the U-band data which is so critical for measuring later-type galaxies at lower redshifts.
Conclusions
We have shown that our photometric redshift method based on the broad-band colors UBVR, I75 and I86 can determine redshifts to a typical accuracy of z = ± 0.05 for field and cluster galaxies, and approximate their spectral types as well. This result extends the increasing amount of literature that confirms the validity of using multicolor broad-band photometry to obtain a redshift distribution for samples of galaxies. Since our system relies on colors alone, it is somewhat more versatile than systems which are dependent on other galaxy parameters such as apparent magnitude. Thus, it can be (and has been -see Liu et al. 1998) applied to a wider range of astrophysical problems, such as field galaxy evolution as a function of redshift.
It should be emphasized that any photometric redshift system is most effectively used as a statistical tool for measuring the redshift distribution of a galaxy sample, rather than for assigning unambiguous redshifts to individual galaxies. Just as a significant fraction of galaxies defy straightforward classification on the morphological Hubble sequence, galaxies which are not spectrophotometrically "normal" -such as E+A galaxies -can cause systematic errors in redshift and spectral type determinations. Incomplete data, such as a lack of U-band photometry, can also produce serious mistakes in z p measurements; this can be overcome, however, by selecting samples of higher-redshift and/or early-type galaxies for study. With a healthy awareness of the method's strengths and weaknesses, and a careful attention to detail, using multicolors to obtain galaxy redshifts and spectral types is a feasible and powerful technique for use in the study of galaxy populations.
We thank Pat Hall and Pat Osmer for invaluable assistance in obtaining much of the spectroscopic comparison data, and Andy Connolly and David Koo for helpful discussions. C. L. gratefully acknowledges support from NASA grant NGT-50758. -18 - Fig. 2 Spectral energy distributions of the template galaxies, in units of F λ normalized to unity at 5500Å. Fig. 3 Color evolutionary tracks for the template galaxy spectral types. The tracks assume no luminosity evolution with redshift. Each point on the tracks represents a stepwise increase in z of 0.05. Fig. 4 Estimated photometric redshift vs. spectroscopically measured redshift for galaxies from high-redshift clusters ("+") and galaxies in the HOGPW survey ("×"). The diagonal represents the locus of perfect agreement between the two different measurements. Fig. 6 Same as Fig. 3 , but with color-color slices without U (lef t) or U and B (right) data. Although degeneracies at low redshift are serious, high redshift galaxy types are still well separated.
